Efficient strategies for limiting the impact of pathogens on crops require a good understanding of the 22 factors underlying the evolution of compatibility range for the pathogens and host plants, i.e. the set of 23 host genotypes that a particular pathogen genotype can infect and the set of pathogen genotypes that can 24 infect a particular host genotype. Until now, little is known about the evolutionary and ecological factors 25 driving compatibility ranges in systems implicating crop plants. We studied the evolution of host and 26 pathogen compatibility ranges for rice blast disease, which is caused by the ascomycete Magnaporthe 27 oryzae. We challenged 61 rice varieties from three rice subspecies with 31 strains of M. oryzae collected 28 worldwide from all major known genetic groups. We determined the compatibility range of each plant 29 variety and pathogen genotype and the severity of each plant-pathogen interaction. Compatibility ranges 30 differed between rice subspecies, with the most resistant subspecies selecting for pathogens with broader 31 compatibility ranges and the least resistant subspecies selecting for pathogens with narrower compatibility 32 ranges. These results are consistent with a nested distribution of R genes between rice subspecies. 33
Introduction
few R genes would show very low partial resistance and would display broad compatibility range, while 63 plants with many R genes would be expected to have a narrow compatibility range and a high level of 64 partial resistance. By contrast, if partial resistance is mediated principally by nonspecific resistance 65 mechanisms (e.g. thicker cell walls, etc.), there should be no correlation unless there is a trade-off between 66 these traits, but we are not aware of such a constraint in rice or other species. To our knowledge, such 67 correlation has never been looked at in rice. 68
The eco-evolutionary (i.e. ultimate) determinants of host-pathogen compatibility have also been 69 Despite the large body of work on both molecular and eco-evolutionary determinants of host-75 pathogen compatibility range, some results remain elusive. For instance, many cross-inoculation 76 experiments reported that some pathogens could infect more plant genotypes than the number of 77 genotypes to which they were exposed to, i.e. that their fundamental compatibility range was larger than 78 their realized compatibility range (de Vienne 2009, and references therein). Some studies also observed 79 particular local adaptation patterns (hereafter called the asymmetric pattern of compatibility range) in 80 which highly resistant plant genotypes (specialists with narrow compatibility range) were associated with 81 generalist pathogens (showing wide compatibility ranges), and reciprocally less resistant plant genotypes 82 (generalists) were associated with pathogens showing narrow compatibility ranges (specialists) (Thrall & 83 Burdon, 2003; de Vienne et al., 2009) . At the inter-specific level using several species of Microbotryum and 84 Caryophyllaceae, De Vienne and colleagues (2009) found that both host and pathogen phylogenies were 85 good predictors of compatibility range. They hypothesized that the asymmetric pattern of compatibility 86 range they observed, was resulting from hot spots and cold spots of coevolution (de Vienne et al., 2009) . 87 Thrall & Burdon (2003) made similar observations at the intra-specific level with the Linum marginale-88
Melampsora lini system. They showed that R genes were the main molecular driver of compatibility range, 89 and that the gene-for-gene coevolutionary process between resistance genes in plants and avirulence 90 genes in the pathogen was responsible of the asymmetry in compatibility range. Plant genotypes with many 91 R genes (specialists) were selecting generalist fungal pathogens able to overcome all these resistances, 92 while plant genotypes with few R genes (generalists) were selecting specialist pathogens. Whether a 93 phylogenetic effect (de Vienne et al., 2009) unknown. Thus, both of these studies provided key information to explain the origin of the asymmetry in 97 compatibility range, even though the generality of this phenomenon remains to be proven by studying 98 other plant-pathogen systems. 99
In this work, we aimed at establishing whether R genes could be responsible for the strong 100 phylogenetic signal of compatibility ranges as observed by de Vienne and colleagues (2009) . Specifically, we 101 tested the impact of R gene distribution in rice varieties on the structure of the interaction network with 102 various genotypes of the blast pathogen at the intraspecific level ( Figure 1 ). Rice blast, caused by the 103 ascomycete fungus Magnaporthe oryzae, is a good system to address the effect of R gene distribution on 104 the evolution of host and pathogen compatibility ranges. First the rice species is composed of several 105 subspecies, which phylogenetic history is well known (Huang et al., 2012) . Secondly the worldwide 106 population genetic structure of M. oryzae has recently been described and its relation with the history of 107 the rice-M. oryzae system has been established (Saleh et al., 2014). Thirdly, the molecular determinants of 108 rice compatibility range have been studied extensively (Ballini et al., 2008; Vergne et al., 2008) , and 109 differential varieties (varieties for which R gene contents are known) containing specific R genes are 110 available, allowing testing the relationship between compatibility ranges and R gene contents. 111 6 to infect 61 rice varieties. All fungal strains, and 38 varieties were chosen so as to represent the genetic 115 clusters of M. oryzae that have spread around the world (japonica and indica) and the three main rice 116 subspecies (indica, temperate japonica, tropical japonica). The other 23 varieties were differential varieties. 117
We used these latter varieties to estimate the number of R genes that each fungal strain could overcome. 118
Materials and methods

119
Definitions 120 Compatibility range: For pathogens, compatibility range represents the proportion of host 121 genotypes that a particular pathogen genotype can infect (i.e. the average infection success of the fungal 122 strain). Reciprocally, host's compatibility range represents the proportion of pathogen genotypes that can 123 infect a particular host genotype. 124
Severity score: This score evaluates the severity of infection, following the inoculation of rice plants 125 with a M. oryzae strain. Infection severity was estimated on 20 to 25 plants, according to a scale extending 126 from 1 to 6 (Silué et al., 1992). A score of 1 indicates unsuccessful infection, and a score of 2 indicates HR-127 controlled infection (both of which are considered to correspond to complete resistance). Scores of 3 to 6 128 indicate successful infections of increasing severities (partial resistance). Each score describes a specific 129 stage of lesion formation: 1 = no lesion (unsuccessful infection), 2 = black dots (infection controlled by the 130 HR response), 3 = round lesions with differentiated centers less than 1 mm in diameter, 4 = round lesions 131 with differentiated centers more than 1 mm in diameter, 5 = typical diamond-shaped susceptible lesions 132 with a brown margin, 6 = typical diamond-shaped susceptible lesions with no brown margin ( Figure S1 ). 133 Severity score does not provide an estimate of aggressiveness, as it does not take into account the number 134 of lesions on the plant. Severity score simply reflects the "immunological" state of the plant, and the extent 135 to which it is able to control the infection. Scores from 3 to 6 provide an estimate of infection severity (i.e. 136 of partial resistance). 137
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Studied rice varieties and pathogen strains
138 Two experiments were performed in this study. In the local adaptation experiment, the rice 139 varieties and fungal strains were chosen so as to represent the three main rice subspecies (indica, 140 temperate japonica, tropical japonica; Figure S2 ) and the two genetic clusters of M. oryzae that have 141 spread worldwide (i.e. clusters B and C, referred to hereafter as the japonica and indica clusters, 142 respectively) (Saleh et al., 2014) . Most of the rice accessions (other than differentials) were chosen to be, as 143 much as possible, representative of the genetic diversity of the main rice subgroups. In a core collection 144 containing mainly traditional varieties , we selected randomly a given number of 145 varieties in the three main subgroups. We used a sample of 31 fungal strains: 17 indica strains, collected 146 from indica rice varieties; 14 japonica strains collected from japonica rice varieties (genetic cluster B), 10 of 147 which were collected from temperate japonica rice varieties, the other four being collected from tropical 148 japonica rice varieties (Saleh et al., 2014) . We used these strains to challenge 38 rice varieties: 22 indica, 8 149 temperate japonica and 8 tropical japonica. In a second experiment aiming at evaluating the number of R 150 genes overcome by the fungal strains used in the first experiment, we used the 31 fungal strains described 151 above to inoculate 23 differential varieties with known resistance genes (differentials; listed in Table S1 ). 152
Cross-inoculation experiments 153
Design: The two experiments were performed at the same time. All rice varieties were inoculated 154 with all fungal strains, following the protocol described by Sallaud et al. (2003) and illustrated in figure S3 . 155
Briefly, rice seeds were sown in peaty soil in plastic trays and plants were grown in the greenhouse until the 156 4-5 leaf stage. The 61 varieties were grown in four trays, with 16 varieties per tray (16 x 4 = 64 but three 157 varieties were excluded from the analysis because their origins were not clear). For each variety, we 158 obtained 20 to 25 plants. Plants were inoculated by spraying 30 mL of spore suspension/tray. The 159 suspension contained 25,000 spores/mL and was supplemented with 0.5% gelatin. At each date, six to eight 160 independent inoculations were performed (an inoculation corresponding to the spraying of a particular 161 strain on all 61 varieties). We always inoculated all 61 varieties together, to avoid complex "date x variety" 162 effects. In this experiment, the experimental unit corresponds to a group of 20 to 25 plants of a specific 163 variety, inoculated with a specific strain (e.g. M. oryzae A x rice variety 1, in figure S3 ). Each experimental 164 unit was replicated two to three times, at different dates. The complete design required the inclusion of 20 165 inoculation dates. Symptoms were scored seven days after inoculation (one score per experimental unit, 166
i.e. per group of 20 to 25 inoculated plants). 167
We measured the host and pathogen compatibility ranges respectively by determining the 168 proportion of host varieties that could be infected with a particular fungal strain/group, and the proportion 169 of fungal strains capable of infecting a particular plant variety/group of varieties. We initially pooled lesions 170 in two categories: incompatible interactions (lesions with severity scores of 1 and 2, see the scale 171 description above), and compatible interactions (lesion with severity scores of 3 to 6). We then calculated 172 the proportion of compatible interactions by dividing the number of compatible interactions by the total 173 number of crosses, for each rice or M. oryzae genotype. We also calculated the mean severity score for a 174 given plant variety, for successful infections (severity scores of 3 to 6). 175
Statistics 176
Inoculation onto cultivated rice varieties
177
For the local adaptation analysis, the 38 plant varieties sampled worldwide were inoculated with 178 the 31 fungal strains. The success of infection (used to estimate compatibility ranges), which is a binary 179 response (infection or no infection) was analyzed using a generalized linear model with a binomial error 180 structure and logit link function, including rice variety and fungal strain as main effects, and the 181 variety x strain interaction. Contrasts were used to assess the specific degrees of freedom of main effects 182 and interactions. 183
Inoculation onto differential rice varieties
184
We analyzed the number of R genes overcome by M. oryzae strains, by inoculating a subset of 23 185 differential varieties of known R gene content with the 31 fungal strains. We considered 19 R genes in this 186 study (some varieties carried two resistance genes and some genes were present in several different 187 varieties). When a given pathogen strain was able to infect the variety considered (i.e. a compatible 188 interaction was observed), we considered the strain to be able to overcome all the R genes carried by the 189 variety. After the inoculation of all differential varieties with a particular fungal strain, we could determine 190 the total number of R genes overcome by this strain. In total, we used 1426 interactions (31 strains x 23 191 differential varieties x 2 replicates). We used a generalized linear model with a binomial error structure and 192 logit link function, including fungal strain group as a main effect, to analyze these data. 193 We determined whether the nestedness value obtained for our dataset was significant, by 200
Nestedness computation and significance
comparing it with those of interaction matrices generated under a null model (mgen null model in bipartite 201 package of R software). In the null model used, the probability of an interaction between a pathogen strain 202 and the rice variety tested is proportional to the product of compatibility range, such that strains/varieties 203 with high compatibility range have a higher probability of being assigned to an interaction than 204 strains/varieties with low compatibility range. Such null model thus conserves the heterogeneity of 205 compatibility range observed in the original dataset. 206
Results
207
Local adaptation and nested model of interaction 208 We determined the compatibility range (proportion of compatible interactions) of the various 209 groups of M. oryzae strains with the three rice subspecies ( Figure 2 ). We found significant effects of plant 210 variety group, fungal strain group and the interaction between these factors (Table 1) . The plant variety 211 group effect was due to temperate japonica varieties being susceptible to a larger number of strains (wider 212 compatibility range) than the indica and tropical japonica varieties (contrast: temperate japonica vs. indica 213 + tropical japonica z-value=10.894 p<2 x 10 -16 ), for which compatibility ranges were similar (contrast: indica 214 vs. tropical japonica z-value=-0.156 p=0.876). The strain group effect could be explained by two main 215 observations: 1) the indica strains had the highest infection frequencies on hosts of any group, 2) the 216 temperate japonica strains had the lowest infection frequencies on indica and tropical japonica plants. 217
Finally, the host plant group x fungal strain group interaction could be explained by observations consistent 218 with local adaptation patterns: temperate japonica strains mostly infected temperate japonica varieties, 219 tropical japonica strains infected tropical japonica varieties more frequently than indica varieties and indica 220 strains infected indica varieties more frequently than tropical japonica varieties (contrast z-value 2.839 221 p=0.005). 222
Most indica strains acted as generalists, infecting most varieties. Tropical japonica strains were able 223 to infect japonica varieties (tropical and temperate), and temperate japonica strains were essentially 224 specialists, with most strains able to infect only temperate japonica varieties. This pattern is consistent with 225 a nested pattern of interaction ( Figure 1C ). We performed a nestedness analysis on this dataset ( Figure 3 ) 226 to test this hypothesis. The observed nestedness score was significantly higher than the one expected 227 under the null model, demonstrating significant nestedness of the matrix ( Figure 3B ). 228 Importantly, the interaction matrix is overall nested, with narrow ranges being subsets of wider 229 ranges. This nestedness was also true for strain groups with indica, tropical japonica and temperate 230 japonica strains showing nested wide, intermediate and narrow compatibility ranges, respectively ( Figure  231 3C). However, nestedness was not so clearly correlated with variety group. Temperate japonica varieties 232 showed a significantly larger compatibility ranges than varieties from the two other subspecies ( Figure 2  233 and 3C). But, compatibility ranges of indica and tropical japonica rice subspecies were highly variable 234 among varieties and not significantly different (Figure 2 and 3C) . It is to be noted that, as there is an 235 interaction in our statistical analysis between the two factors "rice subspecies" and "strain group" 236 The implication of R genes 240 The compatibility range of M. oryzae strains and the proportion of R genes they could overcome 241 were highly correlated (t = 2.8918, df = 29, p-value = 0.00719, Figure 4A ). Fungal strain groups were able to 242 overcome different numbers of R genes (df = 2, p = 0.002; Figure 4B ). This result was mostly driven by the 243 fact that temperate japonica strains were able to overcome fewer R genes than tropical japonica and indica 244 strains (contrast indica and tropical japonica vs temperate japonica: t=3.059, p=0.0023, figure 4B ). 245 Surprisingly, indica and tropical japonica strains were able to overcome the same proportion of R genes, 246 whereas these strains show significantly different compatibility ranges. This discrepancy could be due a lack 247 of statistical power related to the fact that we used a limited number of strains. The fungal strain x R gene 248 matrix ( Figure S3 ) showed a similar pattern to that of the matrix shown in Figure 3 , even though the ranking 249 of fungal strains was modified, and the matrix not significantly nested. 250 251 We investigated the relationship between the number of strains to which varieties were susceptible 252 (the pathogen compatibility range of the host) and the ability of these varieties to control infections (mean 253 severity score of successful infections). There was a positive correlation between the number of fungal 254 strains capable of infecting a given variety and the severity of infection (t = 5.5562, df = 62, p = 6.17 x 10 -7 -255 Figure 5 ). Thus, varieties able to protect themselves against infection by many different strains also seem to 256 be able to limit the severity of the infection when it does occur, whereas varieties infected by many strains 257 also displayed more severe infection. 258
Relationship between the pathogen compatibility range and infection severity
Discussion
259
A nested pattern of compatibility 260 The confrontation of 31 M. oryzae strains representative of the worldwide diversity against a 261 sample of 38 rice varieties resulted in a nested pattern of compatibility strongly structured by the pathogen 262 strain group. Indica, tropical japonica and temperate japonica strains had respectively wide, intermediate 263 and narrow compatibility ranges. Strains sampled on indica can thus be described as generalists able to 264 infect most rice varieties, whatever their subspecies and geographical origin. Strains sampled on tropical 265 japonica varieties were able to infect as many tropical and temperate japonica varieties but fewer indica 266 varieties than strains isolated on indica varieties. Finally, strains from temperate japonica varieties were 267 able to infect almost the same number of temperate japonica varieties but fewer indica and tropical 268 japonica varieties than the others strains, making them specialists of temperate japonica varieties. 269
The nested pattern of compatibility range was also apparent for rice varieties, but less clearly. 270
Because the compatibility ranges of strains was clearly structured by host subspecies, we would have 271 expected varieties belonging to the indica, tropical and temperate japonica subspecies to have respectively 272 narrow, intermediate, and wide compatibility ranges (like in Thrall & Burdon (2003)). We did observe that 273 on average, temperate japonica varieties had wider compatibility ranges than the two other subspecies 274 ( Figure 3C ). However, indica and tropical japonica varieties had similar average compatibility ranges and 275 important variance ( Figure 3C) . 276
Yet it is quite clear that temperate japonica varieties can be infected by a greater number of strains 277 than both indica and tropical japonica varieties, and this, independently of strain group. This pattern may 278 result from the ecological constraints in the areas where the varieties are grown. Temperate japonica 279 varieties are mainly cultivated in temperate areas and under irrigated conditions in which epidemics are 280 usually less frequent and less severe than in tropical areas. Resistance to blast is therefore less of a concern 281 to rice breeders that tend to prioritize improving yield and gustative characters over resistance during rice 282 selection. Resistance to a wide range of strains could then be lost, either incidentally, i.e. because of the 283 genetic drift inherent to breeding process, or because resistance mechanisms trade off with positively 284 selected characteristics. 285
Under this "drifting" scenario, narrow compatibility ranges would be an ancestral state for rice 286 varieties, and wide compatibility ranges would rather be a derived state. However compatibility range 287 distribution is also highly variable within indica and tropical japonica subspecies. Both of these subspecies widest compatibility ranges. Such variability suggests that compatibility range of varieties is not fully 291 constrained by their phylogenetic history and that it may respond rapidly to environmental or agronomic 292 (breeding) constraints. Both subspecies are cultivated over very large spatial scales in a diversity of eco-293 climatic conditions. It is thus possible that in some localities or under some conditions, resistance to 294 pathogens is not prioritized in the breeding process, and varieties with wide compatibility ranges are 295 selected for by rice breeders. 296 R genes are involved in compatibility range 297 Challenging M. oryzae strains with differential rice varieties for which R gene contents are known 298 permitted us to observe a correlation between the compatibility range of fungal strains and their ability to 299 overcome R genes (Figure 4) . Such correlation is a clear indication that R genes are major drivers of 300 compatibility range in the rice blast disease. This result confirms the implication of R genes in compatibility 301 ranges already observed on rice (Hittalmani et al., 2000; Divya et al., 2014) . This result also suggests that 302 the nested pattern of compatibility ranges we observed can be interpreted in terms of R genes. First, the 303 nested pattern implies that the network of compatibility between rice and M. oryzae is made of a single 304 compartment ( Figure 1C , and not like 1B where there are several independent compartments), i.e. that all 305 rice subspecies share the same pool of R genes. In other words, the "phylogenetic" effect detected in our 306 local adaptation experiment could be explained by the fact that temperate japonica varieties have fewer R 307 genes than the other subspecies. Second, generalist pathogen strains (with a wider compatibility range) 308 would be able to overcome more R genes than specialist strains only able to overcome a few R genes. 309
Interestingly, some results of the present study remain puzzling. First, we observed that even if the 310 compatibility range of pathogens and their ability to overcome R gene correlate positively ( Figure 4A) , 311 indica and tropical japonica strains have different compatibility ranges ( Figure 3C ) but could overcome the 312 same proportion of R genes ( Figure 4B ). We hypothesize that this discrepancy could be due to the fact that 313 rice varieties used in the two experiments (with differential and non differential varieties) did not contain 314 the same sets of R genes. For instance, if some R genes often present in indica varieties were absent in the 315 differential varieties, we could not observe that fungal strains sampled on indica plants could overcome 316
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Second, indica and tropical japonica varieties have the same average compatibility range and share 319 the same set of R genes ( Figure 3A and C) , a result that is not congruent with the local adaptation of fungal 320 strains of the rice subspecies on which they were sampled (Figure 2 ). The fact that some R genes or R gene 321 combinations were more frequent in some rice subspecies would be enough to create a local adaptation 322 pattern. Another possibility is that fungal pathogens also adapt to other plant factors than R gene products. 323
A firm demonstration of the present results will therefore require additional work to exhaustively describe 324 the R gene content of varieties representative of the three rice subspecies. 325
The non-negligible relationship between R genes and infection severity 326
Severity scores allowed estimating both compatibility range and the severity of successful 327
infections. This was a good opportunity to verify if the partial breakdown of R gene-mediated resistance is a 328 general trend or simply restricted to a few R genes. More generally, it also permits study of the relationship 329 between these two traits, which is equivalent to studying the relationship between complete (infection/no 330 infection) and partial resistance (the ability to control fungal growth within the plant). 331
We found a positive correlation between susceptibility and pathogen compatibility range in rice 332 varieties ( Figure 5 ). The rice varieties attacked by the largest numbers of fungal strains and thus with the 333 broadest compatibility ranges, were unable to control M. oryzae growth within the plant. Conversely, 334 varieties with a narrow compatibility range were able to efficiently control the growth of the infecting 335 pathogen. This correlation is consistent with the hypothesis that in rice, R genes are involved in the genetic 336 control of both partial and complete resistance (Ballini et al., 2008 ). This implication of R genes in partial 337 resistance does not exclude the possibility of other partial resistance mechanisms occurring in rice. 338
The correlation between mean severity score and compatibility range also provides valuable 339 information about the potential benefits of introducing more R genes into rice varieties. First, it shows that 340 some varieties are resistant to most pathogen genotypes. This may be due to these rice varieties having 341 large numbers of R genes, or to the presence of a few broad-spectrum R genes. Second, rice varieties 342 resistant to most pathogen genotypes (i.e. with a narrow compatibility range) suffered only mild symptoms. 343
This association between narrow pathogen compatibility range and low susceptibility indicates that, even if 344 a M. oryzae strain can initiate infection in such plants, the plant is able to control its subsequent growth 345 (and thus a potential outbreak). A trade-off between the ability to overcome R genes and spore production 346 
Conclusion
353
In this work, we found that interactions between rice and M. oryzae are structured in a nested way. 354
This pattern was consistent with a nested distribution of R genes among rice subspecies, which caused 355 nested levels of compatibility ranges between rice subspecies and the asymmetric pattern of compatibility 356 range. These results were mostly driven by the temperate japonica varieties having wider compatibility 357 range than indica and tropical japonica varieties. We hypothesize that a nested distribution of R genes 358 between plant species could explain why phylogeny has been shown to be a good predictor of infection 359 success (de Vienne et al., 2009) . 360
Our results might also provide an explanation to the frequent observation of potential compatibility 361 range of pathogens being larger than their observed compatibility range. Pathogens adapting to host plants 362 carrying many R genes, will have a large compatibility range and therefore will be able to infect all plant 363 genotypes that carry the same set (or a subset) of these R genes, regardless of a primary exposure of the 364 pathogen to these plant genotypes. The host shifts of pathogen often observed in nature might actually not 365 correspond to any sort of shift for the pathogen, if the R gene contents in the different plant species are the 366 same. 367
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